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Biomass gasification produces syngas, mainly comprised of CO and H  along with H S, CO , N  and tar

compounds. Inorganic carbon present in syngas as CO and CO  can be utilized for the production of several value-

added chemicals including ethanol, higher alcohols, fuels, and hydrogen using microbial sysytem.

biomass gasification  syngas utilization  microbial fermentation

1. Introduction

Increased energy requirements and fuel consumption have raised environmental pollution and lowered air quality.

During the inter-season period, burning agricultural residues (left out after harvesting) is a common practice that

not only releases pollutant gases but also aerosols . It has been found that biomass burning contributed around

10–70% of PM 2.5, and concerning health, PM 2.5 and PM 10 are among the most lethal pollutants . Biomass

burning contributes significantly, but it is not the main source of air pollution. Transportation, industries’ operations

including construction, power plants, and indoor emissions are also among the top air polluters . Industrial

operations alone contribute 23% SO , 15% CO, and 14% PM 2.5. On the other hand, transportation contributed

53% NOx, 18% CO, 17% PM 2.5, and 13% PM 10 while stubble burning shared only 14% CO and 12% PM 2.5 .

Reduced soil fertility and disturbed nutrient cycle are other major ill effects of air pollution . Stubble burning

raises the temperature of the soil and eliminates beneficial microorganisms. Reduction in microbial diversity affects

the nutrient cycle  and the availability of nutrients for plants which ultimately deteriorates agricultural

productivity. Besides agricultural productivity, air pollution also leads to injury to leaves and grains, affects

metabolism and enzyme activity, and promotes discoloration, chlorosis, and necrosis . Air pollution exposure

leads to skin and eye irritation, respiratory distress and neurological and cardiovascular disorders. Chronic

exposure can lead to permanent health ailments like respiratory disorders, Chronic Obstructive Pulmonary

Disease, and even cancer .

Air pollution not only leads to biodiversity loss and global temperature rise but also to the loss of GDP. An increase

in global temperature by 3.2 °C can consume 18% of the worldwide GDP . To control the financial loss and

deterioration of the environment, the Paris agreement targets climate change and aims at limiting the global

temperature rise by controlling GHG emissions well, and a standard temperature rise has been set to keep it within

2 °C (1.5 °C preferred) . The Intergovernmental Panel on Climate Change suggested a preferred global warming

level of 1.5 °C which can be accomplished only by lowering the global CO emission by at least 45% by 2030 and
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subsequently to net-zero emission by 2050. Transportation and industrial sectors have been identified as prime

GHG emitters comprising 16% and 27% of the total emissions .

The severity of air pollution incidents has fueled the need for carbon-negative fuels, industrial processes, and the

capture of already present CO/CO , which would aid in global decarbonisation. A transition toward renewable

fuel/energy sources and utilization of renewable biomass from agricultural and carbon-rich waste as feed to

carbon-negative fuels and other commodity chemicals also accelerate decarbonisation . The carbon capture and

storage (CCS) techniques are focused on the specific capturing of CO  from environmental air and industrial

gaseous discharge using physical, chemical, or biological approaches and storing it till further use. The storage

time relies on the method used for storage. The major hindrances to the selection of methods among various

approaches employed for CCS are energy-intensiveness and associated cost .

Nowadays, another approach is getting much more attention than the conventional carbon capture approach:

syngas production and fermentation. Syngas/synthesis gas is a mixture of H /CO produced from the gasification of

conventional fuels and hydrocarbons, and its reforming in the presence of oxygen, air, steam, or mixtures that react

with the carbon source at elevated temperatures . In this process, renewable biomass/residues from agricultural

fields are getting special consideration for syngas production. Basically, syngas is an intermediate product as well

as raw material for a variety of commodity chemicals and small organic compounds like organic acids, alcohols,

hydrogen, jet fuels, alkenes, etc., via catalytic hydrogenation at higher temperatures and pressures  or

biocatalysts  like Clostridium kluyveri , Clostridium autoethanogenum , and Clostridium carboxidivorans

. Most chemical catalysis referred to the use of metal-based catalysts like Ni , Fe-Ca oxides , Co, and Mo

, but the conversion operates at a much higher temperature which makes the process costly and energy

intensive. In comparison, microbial fermentation can work at mild conditions and efficiently transform it into

commercial products like organic acid by C. carboxidivorans P7 , Acetobacterium, and Desulfovibrio dominated

mixed culture , butanol by C. carboxidivorans , and ethanol by Clostridium ljungdahlii .

Microorganisms have shown potential for the utilization of CO as a carbon source and/or electron donor followed

by their utilization via various metabolic pathways. For example, anaerobes follow the ‘Wood-Ljungdahl pathway’

 and sequester it into acetyl-CoA while, under an aerobic environment, carboxydotrophs used molecular oxygen

for its oxidation to CO  followed by sequestration via pentose phosphate . There is another group,

chemolithoautotrophs, which oxidized CO by carbon monoxide dehydrogenase to CO  . For all these pathways,

acetyl-CoA is the junction point and its further utilisation depends upon the growth conditions prevailing. The

pathways determining the end products are under the control of gene expression hence genetic modification might

contribute to improve the fermentation rate and product formation.

Syngas fermentation represents an opportunity to transform waste gases into commercially viable products rather

than leaving them to deteriorate the environment. The available literature also stated that inorganic as well as

organic carbon can be converted into commodity products . According to the Scopus database, a total of 439

articles (353 research articles and 86 review articles) have been published since 2014 on syngas production and

its valorization using chemical and fermentation methods. The United State alone has published 98 articles,
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followed by China (86), Germany (56), South Korea (46), Spain (37), and the Netherlands (34) (Figure 1

Visualization network of countries involved in this area of research). A recently published article by Maki-Arvela

discusses the use of various catalysts for syngas conversion into aviation fuel . In another article, Liu et al.

discussed different catalytic routes for ethanol production from syngas . Very few articles have focused on the

production of energy-related products from syngas via microbial fermentation. There is a review article focused on

a broad aspect of biochemicals and biofuel production from syngas fermentation . The recent trends in syngas

fermentation for the production of ethanol and other energy-related products are summarized. Various parameters

that affect the syngas fermentation process are discussed and techno-economic aspects are also evaluated for

industrial as well as social acceptance of the process. The integration of processes with the currently available

industrial process is emphasized to minimize pollution and make processes greener and more cost-effective

(Figure 2).

Figure 1. Co-occurrence mapping based on the publication number (minimum number of co-occurrences was fixed

at 5). Map was generated using Vosviewer.
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Figure 2. Process diagram showing syngas production technologies, pretreatment, and fermentation into various

products.

2. Technologies for Syngas Production Pretreatment and
Transformation

Syngas is mainly comprised of CO and H  as major components along with CO  and H O. It is a common product

of biomass/fuel gasification with/without a catalyst. Usually, the process begins with a solid feedstock like coal or

biological biomass including agricultural or microbial sources but may also include heavy oil. Before

processing/gasification, biomass is dried and pulverized (if needed) for better results followed by gasification at a

high temperature (800–1000 °C) and pressure of 1–20 bar . The gasification process can be expressed in a

reaction as follows:

Biomass + O  → CO + H  + CO  + H O + CH

At the beginning of the gasification process, the solid carbon present in biomass/feed is partially oxidized in the

presence of air/O /steam/or their mixture. The product is mostly represented by methane with a minor fraction of

hydrocarbons like ethane and ethylene. The composition of gas may vary with the type of gasifiers, feedstock, and

operational parameters, and product gas also carries some hydrocarbons and tar compounds like benzene,

naphthalenes, and toluene. Besides ashes and char are also among the major by-products .

Xie and colleagues integrated catalytic pyrolysis and gasification for syngas production. Different types of nickel-

based catalysts were evaluated along with pyrolysis temperature and gasification temperature. A temperature of

750 °C during pyrolysis and gasification was found good for higher syngas production with high-quality char. At 750

°C, char produced syngas with steam. A maximum syngas yield of 3.29 N m /kg feed was attained at 850 °C, but

the catalyst got deactivated. At a higher temperature range, ‘Ni’ formed Mg Ni O, and the size of Ni  crystallite

size increased .

Nourbakhsh and colleagues conducted Gibbs free energy minimization-based thermodynamic analysis for syngas

utilization followed by experimental validation with ultra-rich methane/oxygen mixtures in an inert porous reactor via

thermal-assisted partial oxidation. For the analysis, the equivalence ratio and the thermal load was considered the

major factor. From the experimentation, the establishment of adiabatic conditions and heat loss abatement

enhanced the syngas yield, and maximum syngas production (69.5%) was achieved at an equivalence ratio of 2.5

with 8 kW energy investment . Chen et al. used CO  as feed for direct conversion to syngas via the

electrocatalytic process. From the process and scaleup point of view, the requirement of large current density, high

cell voltage efficiency, and the design of efficient catalysts are critical points. Oxide-derived Cu nanowires with CuO

heterostructures offered 90% CO  reduction with H /CO ratios of 1, 2, and 3 along with 50% energy efficiency .

Hu et al. developed Fe-Ca oxides and employed them as oxygen carriers during syngas production to improve the

hydrogen content via chemical looping gasification of rice straw as feed. The assessment was focused on the

Fe/Ca ratio, reaction temperature, and oxygen carrier recyclability. Different combinations of Fe/Ca form calcium

ferrites (Ca Fe O  and CaFe O ) in which Fe and Ca were uniformly distributed. In comparison to control,
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hydrogen production was greatly enhanced due to steam chemical looping gasification as during looping steam re-

oxidizes iron. The maximum yield of H  (23.07 mmol/g feed) was achieved with a Fe/Ca ratio of 1:1 which forms

Ca Fe O  (oxygen carrier) at 800 °C. Rice husk is rich in silica which got accumulated on the catalyst during the

process and destroys the Fe-Ca native structure after three cycles .

Gur and Canbaz conducted underground coal gasification (UCG) lab-scale experiment trials in the presence of

hydrogen. The model was evaluated with a 2D-UCG computational fluid dynamics model considering syngas

characteristics, formation of a cavity, reaction rate, and active zones. A two-stage gasification method was

employed using lignite in a prism-shaped reactor in the presence of oxygen and steam (flow rate 5 m /h). The final

product/syngas has 40 vol% hydrogens with a calorific value of 8 MJ/Nm  . Dang et al. employed

thermodynamics and biomass reaction kinetics for syngas production analysis. Data analysis identified the initial

volatile composition from pyrolysis as a critical point for final product distribution while gasification temperature

determines syngas composition and yield. Additionally, the moisture content in the feed, equivalence ratio, and

steam-to-biomass ratio are also crucial parameters. Multivariable analysis-based optimization led to a maximum

yield of 78.6 vol% at 900 °C from biomass feed with 30% moisture content, with an ER of 0.23 and a steam-to-

biomass ratio of 0.21 .

Syngas is produced from the thermal process which not only has a high temperature but also carries particulate

matter and tar compounds (depending upon the sources). Studies have suggested that syngas processing may

become one of the necessary steps before fermentation as it might improve the microorganism’s activities.

Cleaning is a multistage process in which raw gases pass through water-trayed columns to eliminate fine char and

ash particulate. Besides wet filters, cyclones, sieve filters, or candle filters are also used. In this stage, fine

particulates, chlorides, ammonia salts, and traces of H S are removed . After scrubbing, gas is passed

through sulfided, activated carbon beds which removed a major fraction (>90%) of the mercury and heavy metal

from syngas . Syngas usually contains acid gases including H S, carbonyl sulfide ‘COS’, and CO  near the

ambient temperature of 37.7 °C. Acid gases are removed by passing the gas from regenerative solvents like

methanol, dimethyl ether, methyl diethanolamine, rectisol, etc., in an absorber column .

Wilson et al. compared twenty zeolites, three activated carbons, two activated aluminas, and two silica gels for

CO  and CO separation at 30 °C. As the concentration of CO and CO  changes with production methods and

process conditions, different types of adsorbents may be needed for syngas cleaning. Among twenty-seven

samples, high-density silica gel and H-Y-type zeolites were most effective in CO  removal from syngas. This was

due to the shape of their isotherms which offered higher CO  adsorption capacities contributed by Na  exchange in

zeolites at low pressures . Monir and colleagues compared the effect of syngas processing and the removal of

tarring compounds on microorganisms during a syngas fermentation trial for ethanol production. Among two

syngas streams used, one was used as it is and and one was processed by passing through methanol and

acetone (to remove tar compounds) followed by a cotton filter (to remove particulate matter). Syngas impurities in

the untreated stream have an adverse effect on cell growth. Until the second day, bacterial growth was rapid

followed by a stationary phase. Till the 11  day, growth appeared to be steady, then bacteria were not even visible.

In the case of treated syngas, a lag phase was observed in bacterial growth during which bioethanol was
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produced. Comparative analysis revealed that cell growth in the treated stream was 500 times higher in

comparison to the untreated one . Liakakou et al. also processed the syngas produced from beech wood and

lignin-rich feedback (received from biorefinery). Both the syngas contained tar compounds and sulfur-containing

compounds. The gas was cleaned by a series of cleaning chambers equipped with host gas filters, activated

carbon, OLGA, and TNO cleaning systems along with a CoMoO catalyst-based desulfurization unit. After cleaning,

the gas streams were used for microbial fermentation for acetate and ethanol production .

Cali and colleagues integrated an air-blown gasifier of 5 MWth with a wet scrubber for syngas production and in-

line cleaning. The whole unit is combined with a wastewater management system. Gasifier converted stone pine

and eucalyptus feed to syngas with a conversion efficiency of 79–80%. In the cleaning unit system, tar and dust

particles were removed via wet cleaning followed by water scrubbing. From here on, the outlet passed to waste

management and regeneration systems like oil skimmers and activated carbon-based absorbent systems to

regenerate the water followed by its reutilisation .

Chatrattanawet et al. simulated the syngas production followed by its cleaning using AspenPlus™ software . It

was found that syngas yield increased with the rise in temperature and achieved an optimum yield at 750 °C and a

molar flow rate of ∼149 kmol/h. The air gasification unit offered a higher syngas molar flow rate (A/B: 1.309) than

steam-air gasification. Gasification was followed by absorption-based cleaning to capture CO  and H S using

monoethanolamine. The cleaning process was operated at 40 bars of column pressure with 10 trays. As a result,

H S content reduced to >0.1 mg/m  at monoethanolamine with all kinds of gasification systems comprised of

steam, air, and steam-air having molar flow rates of 325, 450, and 465 kmol/h, respectively . Frilund and

colleagues developed a hybrid activated carbon and ZnO-based adsorbent for syngas cleaning. It was reported

that the adsorbent successfully removed almost all syngas contaminants of biomass origin and the results were

better than the wet scrubbing system .

2.1. Chemical-Based Methods for Syngas Conversion into Bio-Alcohol

Syngas (H /CO) can act as ideal feedstock for the production of numerous chemicals used as fuel/fuel additives

and polymers. Chemical catalysis is one of the preferred methods used for syngas conversion . However, this

relies upon heterogenous or heavy metal catalysts for the purpose. Among various chemicals, ethanol and butanol

are among the major products that can be employed as fuel/fuel additives and act as carriers for hydrogen in fuel

cells.

Spivey and Egbebi developed a process for ethanol production from biomass-derived syngas under

thermodynamically practicable operating conditions, i.e., 350 °C at 30 bar. Under the given conditions, selective

conversion was very low (<10%), and ethanol production was further lowered if methane was also allowed as a

product. Maximum ethanol production was achieved with an Rh-based catalyst . Metal-based hybrid catalyst

(Cu-ZnO-metal loaded ZSM-5) was evaluated for the conversion of syngas to gasoline-ranged hydrocarbons at

543 K in near-critical n-hexane. Cu-ZnO catalyzed the hydrogenation of CO to methanol and finally to

hydrocarbons over the metal-loaded ZSM-5 via dimethyl ether. Among the selected metals, i.e., Pd, Co, Fe, and
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Cu, hydrocarbon yields of 59% and 64% were obtained with Pd/ZSM-5 and Cu/ZSM-5, respectively, at 5% metal

loading. A further increase in Cu loading in ZSM-5 lowered ether and improved hydrocarbon yield. In addition,

Cu/ZSM-5 hybrid catalyst was not deactivated for 30 h of the reaction .

Kang and colleagues employed triple tandem catalysis for syngas-to-ethanol conversion. The catalyst was

comprised of potassium-modified ZnO–ZrO  modified zeolite mordenite + Pt–Sn/SiC. These three catalysts work

in a single reactor but in a sequential manner as K –ZnO–ZrO  catalysed the hydrogenation of syngas to

methanol, mordenite fraction carboxylate methanol to acetic acid, and Pt–Sn/SiC further hydrogenate it to ethanol.

The maximum syngas-to-ethanol conversion was reported with 90% selectivity . Kaithal et al. reported the

conducive effect of alcohol for CO hydrogenation to methanol under the catalysis of molecular manganese

complex [Mn(CO) Br[HN(C H PiPr ) ]] ([HN(C H PiPr ) ] = MACHO-iPr). The complex attained the turnover

number of 4023 with a turnover frequency of 857/h in the presence of EtOH/toluene as solvent at 150 °C, 5/50 bar

(pCO/H ), in 8–12 h. The reaction attained a selectivity of >99% under optimum conditions without accumulation of

formate ester .

It is clear from the above examples that chemical catalysis offered very high selectivity and tenability for syngas

conversion to alcohols and other products, but like other processes, it also operates at a very high-temperature

range, from 350–600 °C, and pressure. In addition, the cost of catalysts is also very high in the case of Rh, Pd, Pt,

etc., which need regeneration after regular intervals. The process also employed solvents which may be

hazardous. Overall, technical feasibility, process cost, and environmental suitability make it more challenging to

find some eco-friendly alternatives. In order to make the conversion process sustainable and cost-effective over

chemical catalysis, biological sequestrations have been adopted. This approach emphasized the utilization of

major components of syngas, i.e., CO, H  and in some cases COx and NOx as well in regular metabolic pathways

of microorganisms via assimilation into various value-added chemicals and microbial biomass.

2.2. Biological Sequestration and Syngas Fermentation

Microorganisms import component gases (CO, H , and CO ) from syngas and metabolic enzymes oxidize/reduce

these and finally use them for regular metabolism. It has been found that in anaerobes the Wood-Ljungdahl

pathway is critical for the sequestration of CO as well as CO  while aerobic microorganisms utilize two different

mechanisms. chemolithoautotrophs oxidize CO to CO  in the presence of carbon monoxide dehydrogenase while

another group of microorganisms, i.e., carboxydotrophs, utilizes molecular oxygen and oxidizes CO. The resultant

CO  is sequestered to the regular metabolic pathway via the pentose pathway and leads to glycolysis and the TCA

cycle.

The Wood-Ljungdahl pathway can be classified into the carbonyl phase and methyl phase pathway . Both the

branches are connected at the acetyl-CoA junction, and from here, the successive reactions determine the fate of

the molecules like the synthesis of the biomass or some other value-added chemicals including alcohol, acetates,

acids, etc. (Figure 3).
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Figure 3. Sequestration of syngas and production of microbial metabolites.

Anaerobic bacteria follow the ‘Wood-Ljungdahl pathway’ for the utilization of CO and CO  sequestration. For

syngas fermentation sequestration hold higher values, as syngas is rich in CO. Carbon monoxide dehydrogenase

enzyme catalyzed the interconversion of CO to CO  reversibly . Researchers have reported the

CO−dehydrogenase complex (CODH) from Methanosarcina thermophila , Hydrogenophaga pseudoflava ,

Oligotropha carboxidovorans , Thermoanaerobacter kivui , etc. This enzyme is known to catalyze the

assimilation reaction among CO, CH  moiety, and coenzyme-A (CoA) for the synthesis of acetyl−CoA . The

other one, i.e., methyl branch, represents the utilization of CO  via a multistep pathway that generates methyl

moieties. CO  is assimilated into formate by formate dehydrogenase and successively reduced to a methyl group.

Methyl radicle is bound to the tetrahydropterin coenzyme and then assimilated to acetyl-CoA together with CO .

Under aerobic conditions also, some of the microorganisms like chemolithoautotrophs and aerobic

carboxydotrophs possess the potential to utilize carbon monoxide as the sole source. For chemolithoautotrophs,

CO acts as a sole source of carbon, as well as electrons, and in the presence of carbon monoxide, dehydrogenase

enzyme CO oxidizes to CO  . While for aerobic carboxydotrophs, CO is oxidized by utilizing molecular oxygen.

From here, carbon monoxide can be sequestered via the pentose phosphate pathway .

These pathways are themselves under the expression of related genes; hence, genetic recombination and

overexpression of genes would enhance the tolerance of microorganisms and fermentation rate. Insilico analysis of

C. ljungdahlii of the genome was conducted by genome-scale reconstruction and the OptKnock computational

framework to identify gene knockouts, followed by metabolic engineering for the overproduction of ethanol, and the

production of native products like butanol and butyrate along with the increase in the production of native products

including lactate and 2,3−butanediol. In the native strain C. ljungdahlii iHN, the 637 genes identified contributed to
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698 metabolites and 785 reactions. The OptKnock-derived strategies were combined with a spatiotemporal

metabolic model considering the syngas bubble column reactor to overcome the drawbacks of decreased growth.

The two-stage methodology fabricated a new C. ljungdahlii engineered strain which has increased product

synthesis under realistic syngas fermentation conditions with the supply of CO and H  uptake rates of 35 and 50

mmol/gDW/h. The analysis also revealed that only 201 genes and 331 reactions were critical among 637 genes

and 785 reactions . With an aim of higher butanol and ethanol production, four genes, i.e., adhE2, aor, and fnr

were considered for metabolic engineering. These genes were dedicated for acetyl−CoA/butyl−CoA to

acetaldehyde/butaldehyde and acetaldehyde/butaldehyde to ethanol/butanol (adhE2), acetate/butyrate to

acetaldehyde/butaldehyde (aor), and regeneration of NADH at the cost of FdH  (fnr), respectively. Cells were

engineered with Escherichia coli as a donor as well as host, i.e., DH5α as host for plasmid amplification and

CA434 as a donor cell for conjugation-assisted transfer. Overexpression of different genes has affected the

metabolism differently, but all the engineered strains have higher alcohol production from glucose than the wild. In

the presence of the aor gene, strains were able to reassimilate CO  even during heterotrophic growth. ‘adhE2’-

overexpressed strains have ∼50% higher ethanol production, while the combination of adhE2 and fnr improved the

butanol production by ∼18% as well as ethanol by ∼22%. The strains exhibiting higher alcohol production were

able to re-assimilate acid .

Lauer et al. used a metabolic engineering approach for the overproduction of butanol and hexanol. A gene cluster

of 17.9-kb carrying 13 genes from C. acetobutylicum (for hexanol) and C. kluyveri (butanol) was inserted into C.

ljungdahlii via conjugation resulted in a butanol yield of 1075 mg/L (butanol) and 133 mg/L (hexanol) from fructose.

In the case of a gaseous substrate (comprised of 80% H  and 20% CO ), the yield of butanol and hexanol were

174 mg/L and 15 mg/L, respectively. The insertion of the gene cluster expressed all 13 enzymes encoded by the

cluster. In the next step, a first-round selection marker was eliminated using CRISPR/Cas9, and a 7.8 kb gene

cluster with 6 genes from C. carboxidivorans was further inserted that resulted in the hexanol and butanol titers of

251 mg/L and 158 mg/L, respectively, from the gaseous substrate. Further scale-up of fermentation to 2 L resulted

in increased titer to 109 mg/L and 393 mg/L for butanol and hexanol, respectively . Genetic and metabolic

engineering have opened the doors to the industrial application of microorganisms with unending opportunities. It

not only improved the efficiency of native fermentation products but also added new products to the metabolites.

Syngas fermentation into bio-alcohol: Syngas fermentation is based on the microbial utilization of gases and

sequestration into value-added products and microbial biomass. Its kinetics and process dynamics are different

from the conventional submerged fermentation as it solely relies upon the solubility of the gaseous phase into

medium followed by its utilization . Among all the microbial products, alcohol, especially ethanol, has its own

market as it can be used in beverages and healthcare, besides fuels. Maintenance of anaerobic conditions during

the production phase is the major prerequisite for alcohol/ethanol production. Syngas fermentation itself creates a

similar environment without any preprocessing and pretreatment of feedstock (as in the case of biomass) .

Richter and colleagues reported that ethanol production by C. ljungdahlii from syngas fermentation was mainly

controlled and regulated by thermodynamics and not by the expression of responsible enzymes. Acetogenic

bacteria exhibited two different physiological phases: the growth phase (acidogenesis for acid/acetate production)

and the starvation phase (solventogenesis for ethanol production). Both stages were maintained at equilibrium for
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acetate and ethanol production, respectively, in a sequential bioreactor. Protein profiling with around 2000 proteins

from both stages revealed that nutrient-limited conditions are responsible for the transition from acidogenesis to

solventogenesis without any change in the enzyme population in the central energy metabolism, as enzymes

responsible for ethanol production were remain present in abundance even during acidogenesis. Thermodynamic

modeling recognized reduced cofactors and acetic acid as saturation reactants as well as switching points. As soon

as intracellular undissociated acetic acid touched the threshold limit, bacterial cells diverted the surplus reducing

equivalents for ethanol production. During syngas fermentation, reducing equivalents cannot be diverted for

biomass production, and the CO-rich syngas supply was still high. Nutrient availability and pH can be used as

switching points and can aid in attaining the desired level of solventogenesis .
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